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Abstract— Implementing flexible, software-defined duplexing
transceivers remains challenging due to the inherent self-
interference from TX to RX that requires cancellation in the
RF/analog domain. Previously, we presented a novel, duplexing,
integrated, single antenna transceiver architecture that used
an M-stage distributed amplifier combined with an artificial
transmission line to achieve high transmit-receive isolation across
more than an octave in center frequency. In this paper, we explain
and explore the trade-offs and limits on this class of distributed,
duplexing transceivers as a function of system and sub-circuit
parameters.

Index Terms— Distributed amplifier, FDD, full-duplex, passive
mixer, software-defined, transmission line, transceiver, tunable,
TX-RX isolation, wide-band.

I. INTRODUCTION

S WIRELESS data demands increase, flexible wireless
systems are a virtual necessity. Making use of whitespace
spectrum (e.g. unused satellite and TV bands) requires the
utilization of transceivers that can support a multitude of
bands. Furthermore, existing spectrum can be used more
efficiently with hardware that supports frequency division
duplexing (FDD) as is required for most cellular standards,
including W-CDMA (3G) and 4G LTE. These solutions have
inherent challenges, and current state of the art multi-band,
software-defined FDD systems use multiple antennas and/or
multiple off chip duplexers, which dramatically increase the
system’s cost and size while limiting its flexibility [1]-[10].
Integrated, narrowband duplexers that achieve both high
isolation and high TX output power with a single antenna
port have been previously demonstrated [11]-[15], however
maintaining high isolation and output power over multiple
octaves of tuning range within these constraints has proven
to be difficult. These challenges are exacerbated by the
need for high TX power efficiency and low receiver noise

Manuscript received May 24, 2019; revised August 27, 2019; accepted
September 10, 2019. Date of publication December 12, 2019; date of current
version January 15, 2020. This material is based in part upon work supported
by the DARPA Class program, Google, and NSF Grants 1247915 and
1641100. This article was recommended by Associate Editor M. Onabajo.
(Corresponding author: Thomas Tapen.)

T. Tapen, Z. Boynton, A. Apsel, and A. Molnar are with the Department
of Electrical and Computer Engineering, Cornell University, Ithaca,
NY 14853 USA (e-mail: tpt26@cornell.edu).

H. Yiiksel is with the Department of Electrical Engineering, Columbia
University, New York, NY 10027 USA.

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCS1.2019.2945134

Atrtificial Transmission Line %
T uwam—W T

RF/Antenna
Port

|

Receiver

v

o TN

i
IHES v

IHPELY

Oy

\
N

LN
|

> N
I N

¥ / el /

Q) O/ \(
Y > N
A

L
)

Y
S
'S
P
Y

o

TXBB in

Fig. 1. Block diagram of the system from [16].

figure. [16] has demonstrated a combination of techniques
that can provide suppression of both TX RF signals and
TX noise at the receiver. This system uses a distributed
structure to isolate TX and RX and requires only a single
antenna port while being tunable across multiple octaves.

In this paper, we provide a full theoretical analysis of
the distributed duplexing systems presented in [16] and [17].
We analyze: 1. The fundamental behavior of a distributed
duplexing transceiver. 2. Methods for selecting the complex
weights to null the transmitter signal at the receiver while
optimizing TX efficiency. 3. The trade-off space of weight
precision, number of stages, tuning range, and various circuit
parameters. 4. The effects of TX output noise on RX NF.

II. THE DISTRIBUTED TRANSMITTER

The duplexing transceiver shown in Figure 1 (from [16])
can be thought of as an extension of a distributed ampli-
fier [18]. In a distributed amplifier such as the one in Figure 2,
the outputs of M sub-transmitters are combined by a passive
network—often a transmission line or similar LC structure.
The inputs are phase shifted relative to each other such that
the TX signal V;, adds constructively at the antenna port. In a
traditional distributed amplifier, these input phase shifts are
provided by a second transmission line, but the fundamental
operation of the amplifier is the same however the appropriate
phase shifts are generated. More generally, these input phase
shifts can be treated as complex input weights with both a
gain and phase term.

A distributed amplifier used as in Figure 2 will provide
some TX/RX rejection (Pgryx/PanT) at the RX port, but high
rejection only appears at a few frequencies, and between
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Fig. 2. A typical distributed amplifier being used as a duplexer. A distributed
transmitter is simply this system with full software control of each wry ;.
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Fig. 3.  The rejection achieved by a typical distributed amplifier across

frequency and number of taps (M) for an ideal, lossless transmission line

with 7; = 200ps per stage [19]. By our definition, rejection = 1/(isolation) =

Prx/PANT-

these frequencies degrades to around 10-15dB as shown
in Figure 3. This is insufficient for FDD operation [13].
However, by manipulating the input weights wrx ;, greater
TX/RX rejection can be achieved over a wide tuning range
with a minimal impact on TX output power.

A. Combiner Modeling and Weight Calculation

The passive network that combines the TX signals can be
described as an impedance matrix (Z), derived from enforcing
Kirchoff’s Current Law (KCL) at each sub-transmitter output
in Figure 2. Z has as many rows and columns as there are
current-mode transmitter taps. If the voltage on individual taps
are not of interest, then this can be compacted into a 2xM
matrix (Zrr,), with M columns for the M inputs, and two rows
corresponding to the receiver and antenna node voltages.

Tt — OvRx/0i1 OVRx/0iym 1)
L= ovanr /0is OvANT /Oim

OvRx/0i2
vANT /0i2

where i, is the current flowing into the n™ transmission line
tap.

Optimizing isolation (PsyT/Prx) requires choosing the
weights associated with individual transmitters given this
impedance matrix. The first row of the impedance matrix
(ZRx) describes how injected currents combine at the receive
port, and the second row (Z4n7) describes how they combine
at the antenna port. Treating the transconductances of sub-
PAs as a diagonal MxM matrix Gp, and the tap weights as
an M-entry column vector, w—T_;)(:

—
Vv N Z —

[VRX :| =Z1.Gnwrx Vin = ﬂ) GmwrxVin (2)
ANT ZANT

Choosing a weight vector wrx properly achieves suppres-
sion at the RX port and summation at the TX port. A simple

mathematical solution is to set Vay7 = 1 and Vgx = 0
and to solve for wrx using the Moore-Penrose pseudo-inverse
of ZL:

* 1~ v
07X = (Z1L.Gm)*[Z1LGm(Z1L.Gm)*] ™' [VAfVXT} )

Equation 3 by itself provides little intuition. However, it is
easy to see tlﬂ)we want to choose w—>rx such that it is
orthogonal to Zgy, so that their product (the voltage at the
RX port) is zero. At the same time, w7 x should be reasonably
wia)tligned with the classic distributed amplifier weights
(Z4y7) to ensure TX signal combines mostly in-phase at
the antenna port. A reasonable choice of w—>rx is to make it
parallel to Z -, and then subtract the projection of this vector

onto Zyy, such that:
wrx o Zint — Zrx H 4)
Zrx - Zxy
scaled by the overall desired gain.

This is simply the Gram-Schmidt process for finding a set of
orthonormal basis vectors and is equivalent to using a pseudo-
inverse (equation 3). All of these equivalent methods find
the solution to w—_)rx that achieves the desired Vayr while
minimizing ||w7x||2. True optimization for system power
efficiency is not necessarily achieved by minimizing ||w7 |2,
but this minimization provides a reasonable solution. System
power efficiency is considered in more detail in Section II-E.

B. Distributed Amplifier Isolation Across Frequency

For a transmission line combiner, two important choices are
the number of current-injection taps, and the propagation delay
between each tap. Some insight into these decisions can be
found by looking at a classic distributed amplifier. Assuming
an ideal, lossless transmission line whose segments have a
time delay 74, and characteristic impedance Zg (and assuming
matching at the RX and antenna port), we can find Zrr,:

Zy 1 o) H(=j(M=Dotyg)
ZTL=(7) PCIM-Dor) (o) 1

%)
and choose wrx so that Voyr is maximized:
o (M=Tawrg)
wrx = ; ©)
eliwta)
1
The resulting rejection at the RX port is plotted

in Figure 3. In this case, we see that the lowest frequency
where perfect isolation occurs is wyin = 7 /(M174). Similarly
perfect isolation occurs at integer multiples of wy;, up to
w = =, at which point each transmission line segment
gives a 180° phase shift and isolation degrades entirely. More
generally, if wty corresponds to a phase shift of kx where
k € Z, isolation will degrade to 0dB, as can be seen in Figure 3
at DC (k = 0) and 2.5GHz (k = 1). Empirically, it can also be

observed that isolation degrades between optimal frequencies
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Fig. 4. Normalized P4y7 across frequency if the TX weights are set by

equation 3 and scaled for a constant L-2 norm. Plotted for an ideal, lossless
transmission line and 77 = 200ps.

(to ~10dB for M = 3). The band between the highest
and lowest frequency of perfect isolation for M > 2 is
fmax/fmin = M — 1. If the minimum level of ~10dB of
isolation is allowed, the frequency range extends roughly to
Smax/fmin = M for M > 3.

C. Frequency Range and Combining Efficiency

The basic analysis above indicates how much ‘“natural”
isolation one can expect from the distributed structure on
its own. One can achieve perfect isolation by adjusting the
transmit weights, provided wz; is not a multiple of 180°.
However, changing the transmit weights away from the ideal
values for coherent summation at the antenna port will be
inherently less efficient. We define the efficiency with which
each sub-transmitter’s output currents are combined at the
antenna port as the “combining efficiency” #7comp:

_ ant
- M
2= Irx.i

where Iy ; is the i sub-transmitter’s output current signal,
and I4n7 is the total output current at the antenna port.

To analyze this limited combining efficiency, we can calcu-
late TX weights for perfect rejection using equations 3 and 5
at each frequency. We know that these weights give zero TX
power at the RX input, but plotting the resulting TX output
power at the antenna port (Psy7) shows variation across
frequency (Figure 4). For each frequency where the distributed
amplifier provides perfect rejection (Figure 3), #comp = 1 and
output power reaches a maximum. At all other frequencies,
some of the otherwise available TX output power is sacrificed
to ensure perfect TX rejection at the RX port. If we define a
function Rej;(w) that gives the intrinsic rejection expected
from a distributed amplifier (Figure 3), and the maximum
possible output power assuming perfect TX summation ( P,y )
we can calculate the expected drop in TX output power:

PANT = Pmax (1 - Rejint(a))) (8)

Therefore, the combining efficiency of distributed duplexing
is related to the intrinsic rejection, and is maintained over
a similar bandwidth. Furthermore, combining efficiency is
improved within this band as the number of stages increases.
Neomb > 90% can be achieved over more than an octave for
any case where M > 3. Low combining efficiency will lower
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Fig. 5. Bandwidth over which isolation >40dB for 7; = 200ps and vary-
ing M and a. Depending on f7x, rejection bandwidth ranges from 20MHz
to 300MHz.

the overall system power efficiency, but is only one factor
affecting the overall efficiency (see Section II-E).

D. Isolation Bandwidth for Fixed TX Weights

In the previous two sections, we have discussed how the
combining network sets the bandwidth over which a distrib-
uted duplexer is tunable. For each desired transmit frequency
(frx) within this bandwidth, there exist choices for m that
provide high isolation without a large cost to output power.
However, given a fixed choice of w—T;)(, high TX/RX isolation
is achieved in a narrower bandwidth around f7x. This limited
bandwidth occurs because the phase shift imparted by each
transmission line segment varies as frequency varies, so iso-
lation degrades as frequency varies around fry.

We define isolation bandwidth (or equivalently, rejection
bandwidth) as how TX-RX isolation deteriorates around
frx given a fixed w—_)rx, M, and 74. Figure 5a shows this
for varying M. We also introduce a term a, which models
the loss from each transmission line segment. Including a,
the expression for Zty, becomes:

Zy
Zr, = (22
" (2)

1 ae
X gM—1—j (M—=1)¢

oaM—1,—j(M=1)¢
ae /¢ 1

©)

Using this definition of Zty,, Appendix shows how the rejec-
tion around fry can be derived using the pseudo-inverse
method, and the result is shown in equation 10.

To see how much isolation bandwidth can be expected
across different values of frx, we choose a threshold for
sufficient isolation of 40dB. In Figure 5 we plot the bandwidth
around frx for which the isolation will be higher than the
40dB threshold for different values of M and a. In general,
there are two typical situations for isolation bandwidth. Rep-
resentative plots of these two cases are plotted in Figure 6.
In general, a single rejection notch exists and high isolation
is achieved over a small bandwidth (for a threshold of 40dB
isolation, only about 1/(20074)). However, for some choices
of frx, two rejection notches happen to appear near each
other, and the isolation bandwidth is increased greatly over the
nominal case for the same isolation threshold. For M stages,
Figure 5 shows there are M-2 regions between “natural”
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One rejection notch is guaranteed at fry. In some cases, a secondary
rejection notch exists near the one at f7y (as shown in the right plot where
Jfrx = 2GHz), increasing the bandwidth for which good rejection is achieved.
Both plots are shown for « = 1, M = 7, and 74 = 200ps, and show both
simulation data and the analytic expression in equation 10.
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Fig. 7. Rejection at 2GHz for M = 7 and 7; = 200ps including loss in the

transmission line. Even for low loss, the secondary rejection notch begins to
disappear, eventually limiting rejection bandwidth in the 2-notch scenario.

isolation peaks where high isolation bandwidth is achievable,
though as M increases, the bandwidth within these regions
decreases. Additionally, as the transmission line loss increases,
any secondary notches disappear, causing the high-isolation
bands to shrink (Figures 5 and 7).

Regardless of the properties of the high-isolation bandwidth
regions, there is a minimum isolation bandwidth guaranteed
across frequency. This bound is given in equation 11, and can
be derived from equation 10 by setting M = 2, a = 1, and
assuming A¢ is small:

2 . 10(Reimin/20) gin Qrx frxta)

T

IsoBW(frx) =

(1)

where Rej,,;, 1S the minimum acceptable rejection in dB.

E. Optimizing Efficiency of Weights

In the simple projection approach to finding optimal trans-
mitter weights from Section II-A, the resulting weights are not
only orthogonal to Zgy, guaranteeing that TX signal will be
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nulled at the RX port, but also provides the desired TX signal
while minimizing L-2 norm of the weights. This minimization
is a reasonable proxy for maximizing efficiency, as the sub-
transmitter PAs will dominate power consumption, and will
consume power proportional to the TX weights. However,
optimizing system efficiency is better done by considering the
L-1 norm of the weights, since the total PA bias current is
proportional to llworx|l1. To perform proper optimization of
system power efficiency (Pant/Ppc), we must first find Ppc.

One bound on power consumption (Ppc) is set by both the
current signal in each PA, and the voltage signal on its output.
Thus the expected power consumption will be the sum of the
product of each PAs current and voltage, summed across PAs:

M
Ppc oc Y |ok|lix]
k=1

12)

In this case, if bias current and voltage for each PA is made
equal to peak signal current and voltage, each PA will be
operated in the ideal Class A mode, so the expected maximum
efficiency is 50%. Note that these PAs can be operated in a
less linear, more efficient mode, but overall trends we will
observe would still hold. Optimizing TX weight selection
to minimize ||wrx||; was done using a stochastic approxi-
mation algorithm with a local gradient descent. Simulation
in MATLAB using this optimization algorithm (Figure 8)
shows that using this definition of efficiency indeed provides a
moderate improvement over the projection method above, with
qualitatively similar behavior across frequency and number
of amplifier stages. Interestingly, the optimal weight vector
tends to be sparse (i.e. some weights are zero). In contrast,
simple projection is entirely non-sparse (every weight has
significant magnitude) except where 7.omp ~ 1. This sparsity
has important implications for system efficiency since zero-
weights imply that entire sub-transmitters could be shut down
without degrading performance, thus saving significant overall
power outside the PAs. For the scenario in Figure 8, the median
number of active PAs when #¢omp > 90% is 5, so typically one
of the 6 PAs in that scenario could be off for most frequencies
of operation.

III. TRANSMISSION LINE OPTIMIZATION

All delay elements considered thus far have assumed a pure
time delay implemented with a transmission line structure.
However, in reality the physical implementation of these
delays will impact the system performance and may not
achieve an constant time delay. As discussed in section II-B,
g > w/(Mwpyiy) if @i, is the minimum desired transmit
frequency. This corresponds to a required total phase shift
(M — 1wzy) of 90° to 180°. In the low GHz design space,

Ko (a2 — 1)el? —
Rej(frx + Af) = 20logy, | oM

(Sin (M</>)) Lo(a? — 1)eiM?

a

Loya2(a2M — 1)eiMé —

K, = (ejA¢ _ az) (ejM<2¢+A¢) _ 1),

L, =

, ¢ =2mfrxta,

(m&%?)) a2M (2 — 1)K ei$

(efMA¢ — a2M> (ef(2¢+A¢) — 1) . Ap=2x(Af)ta  (10)
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Fig. 8. Comparison of power efficiency for the typical pseudo-inverse weight
calculation and for optimized PA bias based on equation 12. The system is
unable to achieve the ideal 50% efficiency due to transmission line loss and
Heomp < 1. This plot is given for M = 6, n = 3, L = 3.333nH, Q = 20,
Rgj, = 1kQ and uses the lossy LC transmission line model from Section III-C.
A histogram of the weight sparsity for the optimized case is also plotted,
showing at least one PA is off in most cases after efficiency optimization for
the frequencies where 7.0mp > 90%.

a transmission line capable of providing > 90° of delay would
need to be several millimeters long and would be impractical
for integrated systems. In order to achieve the delay required in
an integrated form-factor an artificial transmission line can be
used. The rest of this section will be dedicated to the analysis
of such an artificial line on system performance.

A. Frequency Range

In addition to the previously discussed frequency limits
imposed by combining efficiency, an artificial transmission
line has a cutoff frequency (i.e. the Bragg frequency). Above
this frequency, the artificial transmission line cuts off like a
low-pass filter. The filter’s stopband begins around fg,qg, ~
1/(x+/LC), so high insertion loss and poor Si; can be
expected near and above this frequency, making it important to
design an artificial transmission line with its Bragg frequency
well above the upper combining efficiency limit.

If the Bragg frequency is too low for a given M and 7, it can
be increased by using n artifical transmission line segments
per sub-transmitter, each with delay 7,,;; = 74/n (Figure 9).
Assuming this structure we find the Bragg frequency as a
function of n and z,;:

¢ ¢ nC
fmax,TL = 5fBragg ﬂ\/ﬁ T Tunit
where ¢ € [0, 1] is chosen by the designer to decide how close
to the Bragg limit is acceptable.

To decide the value n should take given M and 74, we must
look at the maximum frequency limit due to the drop in
combining efficiency as ¢ — 180°. This limit (finax,y,)
can be considered to be roughly the highest frequency at

(13)
T

Mt sub-
transmitter

PE———— S
—_

1 sub-transmitter
has n LC segments

M-1 sub-transmitters

WL WL W WL
L2 2Q L2 2Q L/2 2Q L2 2Q

o o “WTI’"“—“’W* _
i L :I:': o—rrm—wZTM'\—«/w—o

Fig. 9. Configuration of the artificial transmission line for general n and
M. Each LC segment is represented by a passive 2-port network. Where sub-
transmitter PAs connect to the transmission line, the PAs output resistance
(Rgp,) is modeled.
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Fig. 10.  Simulated insertion loss across frequency for Zg = Zgxy =

ZAnT = 50Q, 74 = 200ps, n = 2, and M = 4 across PA output resistance
(Rsp) and inductor Q. Low R, and low inductor Q increase insertion loss
below fBragg ~ 3.2GHz.

which perfect isolation is achievable in a standard distributed
amplifier. From Section II-B that means:

7 1 I M-1 (14)
ks = 2tg  2taM - 2taM
for M > 2. To find n, we set fuax, 7L = fmax,y:
(M —1)
= 15
T Tem (15)

Here we can see that if n = 1, the Bragg limit will limit
the maximum frequency for M > 3 even if £ = 1, and so
typically n > 2 should be used.

B. Insertion Loss

Ideally, the transmission line structure would be lossless.
In practice, the dominant sources of loss are the resistive
losses associated with the inductors and the finite output
resistance of the sub-transmitter PAs. The expected insertion
loss can be found by treating each transmission line segment as
a 2-port network and finding the S,; of N cascaded segments.
As shown in Figure 9, we find N = n(M — 1) 4+ 1. One
complicating factor is that if n # 1, some transmission
line segments will include shunting loss due to PA output
resistance, while others will not (Figure 9). Figure 10 shows
the effect of inductor Q and PA output impedance (Ryj,) for a
specific choice of n, M, and 7.

It is worth noting that when lengthening the line with
constant n and M, loss will increase, however this is typically
not how more stages would be added to a design. As discussed
in Section II-B, the total required line delay is set by the lowest
desired frequency of operation. If the line is of constant length
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Fig. 11. Equivalent circuit of an artificial transmission line for n = 2 with

node numbers labeled.

and we consider loss from the series inductors, splitting the
line into more and more segments (increasing n and/or M),
doesn’t change the total series inductance. Therefore, given a
constant inductor Q, the line loss due to the inductors doesn’t
depend on n and M, but rather the minimum frequency of
operation set by the total delay M1z,.

Of course, as more sub-transmitters are added, more copies
of the PA output impedance Ry, appear in parallel, which
would also seem to increase loss as M increases. This is
true, however if a constant maximum output power is desired,
increasing M requires more sub-transmitters with lower indi-
vidual output power requirements. For lower power sub-
transmitters, R, can be improved proportionally and insertion
loss is once again roughly constant over changing M, assuming
a constant maximum output power at the antenna (Pan7 ). The
requirements imposed on the sub-transmitters by distributed
duplexing and the relationship between output current and Ry
are explained in Section IV.

Considering a system with a specific requirement for P4yt
and for the minimum frequency of operation, we can say
that insertion loss is independent of n and M to first order.
This suggests that large n and M are desirable, however
Section IV will discuss how sub-transmitter constraints limit
the maximum practical n and M.

C. Modeling the Artificial Transmission Line

The expression for Zty, in equation 9 will be approximately
accurate for an artificial transmission line, however it only
models the line well if the frequency of interest is well below
Sfmax. 7L, and only if a narrow bandwidth is considered due
to the fact that 7; and a vary with frequency for an artificial
transmission line. Considering that one of the strengths of a
distributed transmitter is the wide bandwidth over which it is
tunable, a model that is only accurate for a narrow bandwidth
is not ideal. Therefore, we can derive a more accurate Zry,
for artificial transmission lines using the circuit in Figure 9.

To efficiently derive Zty,, we start by noticing that many of
the circuit nodes in Figure 9 are simply points where two of
the series L/2 inductors meet. If these two series L/2 inductors
are combined into a single inductor of value L, we arrive
at an equivalent circuit of the form shown in Figure 11.
If N corresponds to the number of T-networks used as before,
the resulting circuit has N+2 nodes, where the extra 2 nodes
are the RX and antenna ports.

To fully model the circuit in Figure 11, we first consider an
impedance matrix Z of dimension N+2 by N+2 derived from
enforcing KCL at each node. Deriving Z directly is potentially
very tedious, so we will instead find the admittance matrix Y,
where Y = Z~!. To find the entries of Y, we use the definition
of the admittance parameter (y-parameter) for a general N-port

network:
I

_ 16
Vj Vk¢;=0 ( )

Yi,j

Performing this analysis on each node and noting that only
adjacent nodes have non-zero admittance parameters, we can
see that the Y-matrix is a square, banded matrix of the form:

yir o yi2
Y21 y22 Y23 O
Y= y32 Y33 (17)
O YN+1,N+2

YN+4+2,N+1  YN42,N42

where each entry is given by the following formulae after

applying the definition of y; ;:

1
2Ys 4+ joC + e nodes with PAs

Yii = sh
2Ys 4+ joC nodes without PAs
Yitl,i = Yiix1 ==Yy i €[3,N]
1
Yy=—-——— 18
CZ WL+ 1/0) (%)

Fori =1,2, N+ 1, N + 2, the pattern in equation 18 doesn’t
hold. Applying the y-parameter definition once more for these
remaining nodes gives:

1
YN+2,N+2 = 2Ys + yig=2Ys+—
ZANT ZRrx
. 1
YN+ N1 = Y22 = joC +3Ys + —
Rsh
YNHLN+2 = YN42,N+1 = Y12 = 2,1 = —2¥; (19)

At this point, every non-zero value of Y has been defined,
so we can find Z by inverting Y.

This gives us the N+2 by N+2 impedance matrix (Z) that
fully describes the circuit in Figure 11. Zty, can be found
simply by taking the relevant terms from Z—specifically keep
only the first and last rows of Z, and only keep columns with
PAs connected. For the circuit in Figure 11, this means:

VAW
ZN+2,2

VAW
ZN+2.4

Z1,N+1

7t =
ZN+2,N+1

] (20)

Using this Zyy, in place of the ideal transmission line
definition of Zty, from equation 9 is more computationally
intensive, but will be accurate across frequency. One example
of this is given in Figure 12, where isolation bandwidth is
plotted across a wide bandwidth using both models. This plot
shows how isolation bandwidth suffers due to the increasing
loss at higher frequencies for an artificial line.

IV. SUB-TRANSMITTER CONSTRAINTS

As careful design of the transmission line is required to
maintain the desired system-level performance, so too is the
design of each sub-transmitter important. Here we will look
at how system-level decisions constrain sub-transmitter design
in distributed duplexers.
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Fig. 12. Isolation bandwidth plotted using the ideal transmission line model

and the LC model for an artificial line given in Section III-C. At higher
frequencies, the fixed a of 0.999 chosen for the ideal model no longer models
the line well. One can also see that the effective 7; is not constant across
frequency, causing the high-isolation lobes to move as frequency increases.
Plotted for M = 6, n = 2, t; = 200ps, Q = 10, and Ry, = 1kQ.

A. PA Restrictions

Due to both the wideband nature of distributed duplexing
and the connection of each PA directly to a transmission line,
certain restrictions are placed on the design of each PA. The
design presented in [16] used a cascoded, Class AB, common-
source amplifier, but any topology that satisfies the following
requirements will work.

1) The PA must be wideband or widely tunable to span
the full frequency range set by M and t;—potentially several
octaves.

2) In order to achieve the desired maximum output
power (PanT), each PA must support some maximum output

current (1;4x):
2 [2PANT
NeombM \ ZANT

where #comp 1S the expected combining efficiency and we
assume Zo = ZAnNT = ZRrx. Lnax must be larger than the
value given in equation 21 because each PA’s output will be
attenuated somewhat by the transmission line’s loss. If for
simplicity we assume the fraction of insertion loss affecting
each PA is proportional to the fractional line length seen
by that PA, we can add a correction factor based on the
transmission line’s total power gain A7y :

[2PANT
ZANT

where equation 22 is equivalent to equation 21 in the limit
as Arp — 1.

3) The output capacitance of the PA (C,,,;) must not inter-
fere with the operation of the transmission line. This means
Cour must be small enough to be absorbed into the transmis-
sion line. To maintain some transmission line impedance Zo,
the requirement for Cy,; is:

Lpax >

21

2 [AFT -1

(22)

Lpax ~ i
Ncomb AMT
TL

L Tunit Td
Cout < — =~ = — 23
out = Z(% Zo nZzo (23)

Cour does not depend on M to first order because the width of
PA devices can be scaled down proportionally to maintain a
constant P47 as M increases. Previous sections have shown
n should be large, however this constraint on C,,; gives

Normalized Output Voltage (dB)

0 05 1 15 2 2.5
Frequency (GHz)
Fig. 13. Output voltage swing for each sub-transmitter for M = 8,

7q = 200ps, and an ideal transmission line. Voltage swing decreases
monotonically for all frequencies, but individual PA requirements vary across
frequency. PAO is on the RX port and is not plotted as Vgy = 0.

the upper limit on n: n < 74/(CpinZo), where Cpi, is the
minimum achievable C,,; for a given I;,y.

4) The output resistance (Ry;) of the PA must be large
to avoid high insertion loss in the transmission line. The
effect of finite PA output resistance is modeled in Section III,
where it was asserted that Ry, increases as M increases for
a constant Psy7. This is equivalent to saying that Ry, o
1/(Inax), which is true to first order because the small-signal
output resistance of a FET is inversely proportional to its drain
current. Therefore, insertion loss to first order does not depend
on M for a fixed Psn7, and so large M is desirable. Large
enough M becomes impractical, due either to the breakdown
of the approximate proportionalities used in the preceding
discussion, or other elements of the sub-transmitter that do
not scale well with M, such as the resolution (and therefore
complexity) of TX weight generation (Section IV-C) and the
large baseband filtering capacitors.

5) PA’s must support a maximum voltage swing at their
outputs (Viqx). For the PA closest to the antenna, the voltage
swing required iS Viyux = ' PantZant. However, given
a large amount of isolation, the voltage swing close to the
receiver will be near zero. Therefore one cannot simply
linearly interpolate between V,,, and O to find each PA’s
maximum voltage requirements, as generally the voltage will
not decrease from antenna to receiver in equal steps. However,
one can expect the maximum voltage swing to monotoni-
cally decrease moving from antenna to receiver as shown
in Figure 13.

B. PA Linearity Considerations

In addition to the constraints enumerated in Section IV-A,
the non-linearity of each PA will contribute harmonic terms
both at the RX and antenna ports. These harmonics must be
limited at the antenna port to meet spectral mask requirements,
and at the RX port to avoid de-sensitizing the receiver. Due
to the natural low-pass characteristic of the artificial transmis-
sion line above the Bragg frequency, high-order harmonics
are filtered out. However, low-order harmonics may not be
attenuated, as they may fall within the range over which the
transmission line was designed to operate. In this section we
will consider the implications of PA non-linearity in distributed
transmitters.
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Fig. 14.  The contribution of 2" harmonic power at the RX port by
PA input and output non-linearities assuming an ideal, lossless transmission
line, M = 4, and t; = 200ps. Power is normalized so that OdB corre-
sponds to in-phase summation. TX weight amplitudes are scaled to maintain
constant Pypy7 at each frequency. For input nonlinearity, the TX weights
provide some suppression wherever #.o,p ~ 1 if the transmission line
maintains a constant delay. Output non-linearity shows variable behavior
across the usable tuning range.

Typically, output harmonic content due to PA non-linearity
can be described by a polynomial function of the PA’s input
signal. In the case of distributed duplexing, the output har-
monics of each PA must be a function of both its input and
output signals, as the output swing of a specific PA may be
large or small due to the action of the other sub-transmitters.
Additionally, the TX weights applied to each PA’s input will
affect the relative phase and magnitude of harmonics as well
as the fundamental tone, which will also affect the total power
of harmonic terms at the RX and antenna ports.

To analyze the effects of these factors, we will first consider
only non-linearity due to input signal swing and limit ourselves
to 2nd order effects for simplicity. Therefore the large-signal
voltage transfer function of a single PA is given by:

Vour = a1Vin + aZV,%Z (24)

Substituting in V;, = Arxcos(wrxt + ¢rx) to model the
weighted TX signal input gives:

A%X‘Q
%m=GW%+—j;—U+aBQWM¢+%%ﬂ] (25)

Here we see that the 2nd harmonic term has a magnitude
scaled by AzT y» and double the phase shift of the original
signal. If we assume the transmission line provides a con-
stant delay across frequency, then the phase shift due to
transmission line propagation delay is doubled at the second
harmonic as well. Because both the input signal phase shift
and the phase shift from the line are doubled at the second
harmonic, the resulting second harmonic signal will have the
same desired phase at both the RX and antenna ports as
the fundamental TX signal—implying the second harmonic
(and in general, the n" harmonic) will combine in-phase at
the antenna port and out-of-phase at the RX port.

Unfortunately, this does not mean that harmonics are sup-
pressed to the same extent as the fundamental TX signal.
Because the magnitude of the second harmonic term is
squared, the magnitudes of each PA’s contribution to Vgpx will
not be correct for cancellation unless the magnitude of each
TX weight is identical. Therefore, only limited cancellation
of harmonics is possible at the RX port when the TX weights
have similar magnitude, as they typically do when #¢omp =~ 1
(Figure 14).

If, instead of input non-linearity, we consider pure output
nonlinearity in the same fashion, we find there is not signifi-
cant suppression of non-linearity at the RX port (Figure 14).
This is because the output swing monotonically increases
across PAs (Figure 13), so the assumption that signal mag-
nitudes are similar across PAs is almost always false for
harmonic terms generated due to output non-linearity.

The total harmonic power at both the RX and antenna ports
can be approximated by summing the input and output non-
linearity terms. Because input linearity is typically a stronger
effect than output linearity, there may be some modest sup-
pression of harmonics at the RX port, but this effect depends
on the relative strength of input vs output non-linearity in the
specific PAs used. If the harmonic content at the RX or antenna
ports is too strong, [17] presented a technique to suppress 2"
and 3™ order harmonics at the RX port in distributed duplexers
implemented with 8-phase passive mixers.

C. Effects of Complex Weight Quantization

In a real sub-transmitter, the desired complex weight will
be realized with limited resolution, affecting TX output power
and TX/RX isolation. If we define N}, as the ENOB of control
over the I and Q component of each TX weight, we can
bound the peak achievable isolation as a function of Nj.
To do this, we start by considering the desired n™ TX signal,
V7 X.n,ideal- Bach V7 x , ideqr can be written as a sum of I and
Q components like so: V7 x nideal = In + jQOn.

Due to quantization errors in realizing I, and Q,, the actual
TX weight will be Vrx , = Vrx nideat + ALy + jAQ,. For
Np bit control on both I and Q, we can find the maximum
possible value for A/, and AQ,:

iAmax
2Nb+1

+j Amax
2Nh+1

Al, < and AQ, < (26)

where A4y is the maximum magnitude of V7x n ideal
By our definitions of Vrx ,, we can see that the magnitude
of the total worst-case error for each Vry, , is:

, V2A
|AL + jAQu = \/AIZ + AQ2 < Tfl‘”‘

Given the worst-case error for a single sub-transmitter,
we then find bounds on the total output signal magnitude
(|Vant]) and TX/RX isolation. Regarding |Vsn7 |, the worst-
case is where all M error terms align 180° out of phase with
Vant. In that case, if we define the ideal output signal as
VANT,ideal "

IVant| = |VaNnT ideall = M - |AL, 4+ jAQyl

where |VANT ideall = HecombAmaxM. Assuming the ideal sub-
transmitter weights give perfect cancellation at the RX, we can
see that an error vector at the TX port will propagate down the
lossless transmission line and will appear at the RX port with
the same magnitude. Therefore, |Vrx| < M - |AL, + jAQyl
and

27)

(28)

M(Amaxﬂcomb — AL + jAQul)
M - |Aln +jAQn|

\/5 HNecomb (2Nb) -1

\%
[VanT| -
[Vrx|

Isolation =

v

(29)
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Fig. 15. Simulated worst-case isolation and the isolation bound from equation
29 versus bit resolution, where M = 6 and 7y = 80ps. The isolation bound is
plotted assuming #.4,p ~ 1. The simulation considers an ideal-lossless line
from 0.8GHz to 5.5GHz—Roughly the frequency range where it is fair to
assume #comp ~ 1 for t4 = 80ps.

This bound is compared with a simulation of the worst-case
isolation for an ideal, lossless transmission line in Figure 15.
If isolation >40dB is desired, we can see that N, > 6, and that
12-bit systems can theoretically achieve isolation over 70dB.

V. RX NOISE FIGURE

Up to this point we have primarily considered the operation
of a distributed duplexer with regards to preventing TX signal
from interfering with the receiver. Assuming RX operation
is not degraded by TX signal due to high isolation, RX NF
depends on the TX output noise that reaches the receiver,
as well as the transmission line’s insertion loss.

A. Suppression of Correlated Noise Sources

To analyze how noise from the distributed transmitter affects
the receiver, we must consider how noise from each sub-
transmitter superposes at the receiver input. Depending on
where in the TX chain noise is injected, there are two
possibilities for how noise combines in the transmission line
(Figure 16). Noise that is injected in the signal path after
the TX weights have been applied is uncorrelated across sub-
transmitters and does not benefit from cancelation in the com-
biner—it will simply RMS sum at the RX input. On the other
hand, noise sources such as shared baseband drivers or oscil-
lator phase noise that are identical across sub-transmitters will
be fully correlated and will have the TX weights applied.
Therefore, this correlated noise will cancel at the RX port the
same way TX signal does. As discussed previously, weight
selection only provides a narrowband null for TX signal, and
the same is true for correlated TX noise. Therefore correlated
noise will only be fully suppressed at fry. The rejection to
expect for a specific TX-RX offset can be calculated the same
way as isolation bandwidth (see Section II-D).

B. Low Noise Sub-Transmitter Design

The three contributors to sub-transmitter output noise are:
1) Thermal noise from the PA and BB circuits, 2) Upconverted
BB flicker noise, and 3) TX LO phase noise. Close to the TX
LO frequency, output noise will be dominated by upconverted
BB flicker noise,and/or TX LO phase noise. In order to
optimize we start by considering thermal noise and for now
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Fig. 16. Correlated and uncorrelated noise sources in a distributed
transmitter. In general, any shared element’s noise will be correlated across
sub-transmitters, and individual sub-transmitters’ noise sources will be
uncorrelated.

ignore flicker and phase noise. In general, output thermal noise
of a circuit will rise as gain increases. Because uncorrelated
noise sources are worse than correlated ones in distributed
duplexing, we should therefore concentrate gain in shared
blocks as much as possible to reduce uncorrelated thermal
output noise.

Using the sub-transmitter block diagram from Figure 16,
this means that we would ideally have all of the TX gain
in the shared baseband driver, and the gain/phase control,
mixer, and PA would all have unity or lower gain. Practi-
cally speaking, we are limited by the maximum signal the
baseband circuits are capable of handling without either suf-
fering breakdown or excessive non-linearity. If we define the
maximum baseband voltage amplitude as Vjying, we should
set the output of the shared baseband driver to have ampli-
tude Viuing, and have as near as possible to unity gain
through the gain/phase control and mixer, thus allowing the
maximum possible signal to reach the PA input. Then, given a
required I, (Section IV), we should use the minimum
possible transconductance for the PA to minimize its thermal
noise Gu,min = max/szing-

It is worth noting that if the maximum signal swing allow-
able is different for each sub-transmitter block, this optimiza-
tion may be different. For example in [17], the upconversion
mixer could not handle the full baseband driver’s swing.
Therefore, instead of reducing the gain of the shared baseband
driver to reduce the signal amplitude, the gain/phase control
block was made to have gain < 1 to reduce its uncorrelated
thermal noise.

C. TX LO Phase Noise

TX LO phase noise will dominate the total TX output noise
when fry is sufficiently close to frx, and will potentially
degrade RX NF at any TX/RX frequency spacing. In this
section, we will consider wideband uncorrelated phase noise
due to sub-transmitter-specific LO circuitry, as well as more
global oscillator phase noise that is strongest near fryx.

For widely-spaced frx and frx, wideband, uncorrelated
phase noise may dominate the total phase noise in the
RX band. If this is the case, the noise at the RX input will
simply be the RMS sum of each sub-transmitter’s phase noise
output. To avoid significantly worsening RX noise figure (NF)
when TX noise is present, we can say uncorrelated phase
noise must satisfy Payr — 2010g (4comp) + PN, (ASf) <
P, rx, where PN, is the uncorrelated phase noise component
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in dBc/Hz, Psnr is the total output power in dBm, Af =
frx — frx is the offset frequency, and P, rx is the input-
referred RX noise converted to dBm/Hz. Assuming a 50€2 sys-
tem, P, rx = 10log (ZOViRX). Because uncorrelated phase
noise directly impacts RX NF, this suggests sub-transmitters
should share as much LO circuitry as possible.

For closely spaced frxy and frx, or when uncorrelated
phase noise is kept low enough, oscillator phase noise will
dominate. Assuming a single oscillator drives each sub-
transmitter’s LO circuitry, all oscillator phase noise will be
correlated across sub-transmitter stages. Mixing correlated
phase noise with weighted TX signals will generate weighted
output noise, suggesting that correlated LO phase noise will be
suppressed at the RX input like other correlated noise sources
when fry ~ frx. This is correct to a certain extent, but the
effects of phase noise in distributed duplexing (and indeed any
similar phased arrays) is somewhat more subtle.

To analyze the effects of correlated phase noise we will
consider how a phase perturbation at an offset frequency of
w, causes output noise at the RF port of the upconversion
mixer. The full phase noise spectrum is derived by sweeping
w, and superposing the results at the output. As derived
in [20, II-B], the quadrature LO including a phase pertur-
bation at +w, is:

Sro,1 = cos(wrot) — €y sin[(wro + wn)t + pul
— € sin[(wro — wp)t — dnl
Sro,0 = sin(wpot) + €, cos [(wpo + wu)t + Pl

+eycos[(wpo — wp)t — ¢l (30)

where ¢, is the random phase for this perturbation, and ¢, is a
function of w, and describes the power of the perturbation at
the offset w,. For typical oscillator phase noise, €, decreases
at —20dBc/decade as w, increases except at very large off-
sets where €, is approximately constant. If we assume our
quadrature input baseband voltage is given by:

Vep,1 = Asin[(wrx — wro)t +0]

Vep,0 = Acos[(wrx —wro)t +0] 31

then we can find the output voltage simply as:

Vrr = Vg,1SLo,1 +VBB,0SL0,0
= Asin (@rxt +0) + (cos [(@rx + on)t + ¢ +0]

+ cos[(@rx — @) = ¢, +01)Aey (32)

Equation 32 shows that, when w, &~ +(wrx — wgrx), there
will be output noise due to TX LO phase noise that appears
in the RX band. However, it also shows that these noise
terms pick up both the magnitude of the TX signal (A) and
the phase of the TX signal (#). This means that these noise
will be suppressed around fry at the RX input due to the
TX weights as expected for correlated TX noise. Because
correlated noise is suppressed most strongly around fry,
phase noise at small offsets (w, small) will be suppressed
the most strongly, which also corresponds to where LO phase
noise is strongest. The resulting noise spectrum at the RX
input due to oscillator phase noise at small offsets therefore

Phase Noise and Rejection Phase Noise at RX Input
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Fig. 17. The left plot shows the rejection for an ideal, lossless transmission
line around fry = 1.75GHz, as well as purely correlated TX LO phase noise
around f7x. On the right, the product of these two curves is taken to find the
noise spectrum at the RX input resulting from only correlated TX LO phase
noise. Plotted for M =5 and 745 = 200ps.

depends both on the shape of the LO phase noise and the
TX/RX rejection. One example of what this can look like
is shown in Figure 17. As with uncorrelated phase noise,
we can write a requirement for small offsets to prevent TX
LO phase noise from affecting RX NF. For correlated noise
at an offset of Af = +(frx — frx), the requirement is:
Pant —201og(Hcomp) +PN(Af) —Iso(Af) < P, rx, Where
PN.(Af) is the correlated phase noise component at offset
Af, and Iso(Af) is the TX/RX isolation in dB at Af.

While the phase noise from smaller offsets is much stronger
than that at larger offsets, the large amount of suppression
for close-in phase noise means we must also consider any
other offsets that may no longer be negligible. Two other
values of w, that will produce noise in the RX band are:
w, = E(wrx + wrx). This will bring the noise terms in
equation 32 to —wpgy. Using cos(¢) = cos(—¢), this means
these noise terms will be of the form A cos (wgxt + ¢, — ).
Therefore, when w, = =*(wrx + wgrx), noise will also
appear in the RX band, however with the opposite phase
shift (—0) of the TX signal. Reversing the phase shift of
the TX weights means correlated signals/noise will tend to
be suppressed at the TX port, and will add in-phase at the
RX port. Therefore, while the phase noise at small offsets is
suppressed by distributed duplexing, the phase noise at large
offsets will be amplified (at least when frxy ~ frx). The
requirement for this “unfavorably correlated” noise is therefore
approximately: Pay7 + PN.(Af) < P, rx. This equation is
valid for Af ~ £(frx + frx) when frx ~ frx. Thus, extra
suppression of very wideband phase noise may be needed.

To summarize, there are three categories of TX LO phase
noise to consider in distributed duplexing. First is uncorrelated
phase noise which must be kept very low at offsets of
+(frx = frx) and simply RMS sums at the RX input. Second
is correlated phase noise at offsets of +=( frx — frx), which are
suppressed by the TX signal rejection at fry. Finally, there
is correlated phase noise at offsets of +(frx + frx) which
add roughly in-phase unless a very wide TX-RX frequency
spacing is used.

D. Calculating RX NF

To calculate the noise figure of the receiver including
TX noise, we first assume a known equivalent output noise
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Fig. 18. The noise model for calculating RX NF. Each sub-transmmitter’s
equivalent output noise current superposes at the RX and are modeled as a

single noise voltage: Vnz,TX'

current for each sub-transmitter, 12 ,,, (Figure 18). A noise
—_ ’

current vector /2, can be used to describe the output noise
’ —

from each sub-transmitter. I, is composed of correlated and
—"

: 2 2 2 2
uncorrelated noise, so I, = Iy . + I, + I - \le) define

—
I,% . as the total uncorrelated output current noise, In2 . is the

total correlated output noise excluding phase noise at large

offsets, and I,%, «c 18 the “unfavorably correlated” phase noise
at large offsets. Therefore the noise injected by the TX to the
RX is:

— -

2 02 2

Vn,TX = Zrx*"(wrx) - In,out
2

MZ5 —— ) -
~ 4 : (I'%’” + Rej(wRX)I’%,C + Mr/?omblr%,uc) (33)

where A" denotes the b Hadamard power (i.e. termwise
exponentiation) of a vector, and Rej(wgy) is the rejection due
to TX weights also evaluated at wgx. The second expression
for Vnz, rx shows more intuitively how correlated noise is
reduced, but is only accurate when both components of the
noise power from each sub-transmitter are roughly equal (and
therefore can be written as a scalar value) and transmission
line loss is low. Equation 33 suggests that smaller M is better
for TX noise, however this doesn’t tell the full story. For a
constant maximum Payr and Vsying, Gm,min can be reduced
as M increases. This means thermal noise (which is often
a dominant noise source) and TX LO output phase noise is
roughly constant for varying M at the RX input.

This total TX noise will add to the equivalent input noise
of the RX (Vnz, rx)- At the same time, loss in the transmission
line will attenuate the received signal before it reaches the RX,
further reducing its SNR. Using the circuit shown in Figure 18,
we find the degraded RX noise factor (F):

Vigx + Vi
F=14  RX nTX (34)

Aty V,,z, B
where A7y < I and is the total power gain of the transmission
line. Therefore, insertion loss in the transmission line always
degrades NF, and unless Vn% rRx >> Vnz’T x
significantly degrade NF.

TX noise will also
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Fig. 19. The minimum RX NF due solely to PA thermal noise plotted across
maximum output power. We assume PAs are designed for minimum output
noise as described in section V-B given y =1, Zy = Zgx = ZanT = 50Q,
Vswing = 0.5V, and Ay = 1.

In general, achieving V,iTX << Vnz, grx for high output
power is not possible with this system as presented due to the
uncorrelated thermal noise of each PA. If we design the PAs
for minimum output noise as described in Section V-B, then
we can find the minimum Vnz,T x assuming only PA thermal
noise:

2kTy Z3
Ncomb szing Zy

2PANT

V2 A kTyGuyMZG >

n)

(35)

Plugging this minimum VnzT x into equation 34 and setting

Vn% rx = 0 gives the minimum achievable RX NF in terms of
output power (Figure 19). To operate with reasonable RX NF
at higher P4y, [16] and [17] used an N-path PA degeneration
technique to reduce each PA’s transconductance in the RX
band, therefore breaking the trade-off between RX NF and
Psnt shown in Figure 19. Any design which successfully
suppresses PA thermal noise in the RX band will still have to
meet the TX LO phase noise requirements, and cannot allow
other noise (such as correlated baseband noise) to dominate if
operation at high P4y7 with low RX NF is desired.

VI. CONCLUSION

In this paper, we have presented analysis and design con-
siderations for the class of modified distributed amplifiers
we refer to as “distributed duplexers”. These considerations
include the fundamental operation of distributed duplexers,
the consequences using of lossy, artificial transmission lines
as the combining network, optimal design of system and sub-
circuit parameters for best system performance, and how to
characterize the added noise presented to the receiver by
distributed duplexing. This paper should serve as a guide
for understanding and designing distributed duplexers, and
to that end we summarize the requirements for major sys-
tem parameters in Table I given a desired frequency range
bounded by fy,in and f,4c Where we require #comp > 0.9,
total transmission line power gain of A7y, a certain maxi-
mum output power P4n7, a minimum acceptable amount of
TX-RX isolation (Isopmin in dB), and a matched transmission
line and antenna impedance Zy = ZanT = ZRx-

To verify the equations in Table I, we can design a system
for fiin = 900MHz, fqx = 5GHz, and Poay7 = 10dBm.
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TABLE I
DESIGN EQUATIONS FOR SYSTEM/CIRCUIT PARAMETERS

System Parameter Design Equations

i O oy S ™ S SOTT o
" 77(21?1\711) sns m:,iZo
M > fmaz/ fmin
Isolation Bandwidth | IsoBW > 2‘10(7Immm/2:_)r;in 27 frminTd)

fmas Imaz > 52\ AT

Cout Cout < 7q/(nZo)

Vinaz Vinaz = VPANTZANT

Gm Gm 2> Gmmin = Imaz /Vswing
N, Ny > logy [V2 - 1000min/20) /1.8 + 1]

NF and Loss (dB)
Output Power (dBm)

Frequency (GHz)

Fig. 20. PanT, NF, and A7y from a MATLAB simulation of an example

distributed duplexer. NF is plotted for Vn% rx =0, Vswing = 0.5V, and y =1
as in Figure 19. The system was designed using the equations from Table I
if finin = 900MHz, fiax = 5GHz, Poy7 = +10dBm. Plotted assuming
Ry, = 10kQ, Zog = ZanT = ZRpx = 50Q.

From Table I, we find that M=6, n=3, 7 = 80ps, and
Imax = 7.41mA should work. If Vsying = 0.5V and y =1,
the minimum NF should be ~7dB according to equations 34
and 35. This example system was simulated in MATLAB to
verify Pany7 and NF across the desired tuning bandwidth
(Figure 20). Where Ar; ~ 1, the simulated NF closely
matches the expected minimum NF, and the output power is
+10dBm as desired. P4y drops and NF rises due to increas-
ing transmission line loss as fry increases. The transmission
line was modeled as described in Section III-C assuming
Rgp = 10kQ, L,ni; = 1.333nH, Zp = 50Q, and Q = 15.

APPENDIX
DERIVATION OF REJECTION ACROSS FREQUENCY

We start by using equation 3 to find the correct wrx to
cancel TX signal at frx. We choose G, = 1 for simplicity
and Vayr = 1 and Vgx = 0 as usual:

w7% = ZoL [(ZaL) ZoL ]! H (36)

0

To break this equation down, we start just by finding
(ZrLZ71L¥). Plugging in equation 9 for Zy, gives:

ZrLZr." = [i z}, where:

S

Q

I
=
M
(=)

o2 (efjw) (ejmp) _ Af o2
n=0

N Mt (i) (1o

_ =1 (,=in Jj(M=1-n

b= 5 s ) e

_ N e (emr0r1m9) () a7y
C n=00£

a, b and c can be simplified using the following sum identity,
M1
= x—1
so that, omitting some algebra:

_aZM—l _ me1 sin(M9)
a=——— and b=c=ua (W) (39)

Plugging this result back into equation 36 gives:

(38)

a*M _q M1 sin(M¢)) !
T = e * a?—1 sin (¢) 1
X =£I v ((sin (M) a*M—1 0
¢ ( sin (¢) ) o 1

(40)

If we plug in Zgr,* using equation 9 into equation 40, the n'!
element of wrx is:
2M 1

WTX,n = (aMfl) S[a” (0;27_1
p (SIN(MP)\ ns
- (sin(¢> )el ]

_ oM — 1\’ o {(sin? (M) -
S‘[(oﬂ—l) — ( sin” ($) )} @b

Now that we have found w7y for our desired frx, we can
calculate rejection for a frequency offset around fry using
equation 2 (again assuming g, = 1). If we define Zrr[w]
as the ideal transmission line impedance evaluated at w,
and wrx(w) is given by equation 41 also at o, then to
find the rejection over some bandwidth Af around a center
frequency fryx:

|:VANT

) o (M=1-n)

v } =Zm2z (frx + AN wrxQafrx)  (42)
RX

Substituting in our w—>rx from equation 41 closed-form
expressions for Vay7r and Vgx can be found. If we define
rejection across frequency as Rej(f) = |‘X ’;/XT , and plug in
the closed-form expressions for V4yr and Vgy, the result is

given in equation 10.
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